This paper reports improved mechanical properties of AZ91 magnesium alloy at room temperature. Titanium particles dispersed AZ91 magnesium alloy composite is produced through accumulative diffusion bonding (ADB) process. Vickers hardness, ultimate tensile strength and 0.2% proof stress increased with increasing the amount of titanium particles. The composite with 2.0% Ti produced by the ADB process showed significantly high elongation over 30%. Improved ductility would be due to random texture development by severe plastic deformation and stress relaxation by titanium particles.
Introduction
Magnesium alloy is attractive material because of its lightweight, high specific stiffness, good machinability and high damping capacity. Cast Mg-9Al-1Zn (AZ91) magnesium alloy has been widely used as industrial applications because of its good mechanical properties and high corrosion resistance compared to Mg-3Al-1Zn (AZ31) magnesium alloy. 1, 2) In addition, addition of aluminum is effective to increase the strength of magnesium alloy. However, high aluminum content causes the reduction in ductility, which limits the potential application. Many studies on AZ91 magnesium alloys had been focused on the strengthening method such as hard ceramics particles dispersion. 3, 4) However, hard reinforcements often cause significant reduction in ductility of AZ91 magnesium alloy. For structural components, increase in ductility of AZ91 alloy should be concerned.
Recently, two kinds of the enhancement in ductility had been reported on magnesium alloy. One is random texture development and another is dispersion of titanium particles. Mukai et al. 5) reported that the AZ31 alloy produced through ECAE (Equal Channel Angular Extrusion) processing showed about 50% elongation. This high ductility is due to random texture development during severe plastic deformation (SPD). However, the SPD process is difficult to apply on the AZ91 alloy with low ductility and the specimen size is limited in the ECAE or ECAP (Equal Channel Angular Pressing) process. On the other hand, Hassan and Gupta 6) reported that titanium particles dispersed pure magnesium matrix composite produced through a cast route showed relatively high ductility of 11.1%. This is due to stress relaxation by soft titanium particles at grain boundary. In addition, properties of titanium are relatively low density, high melting point, high stiffness and high strength, which are good for reinforcement of magnesium alloy. Moreover, no reaction between titanium and magnesium limits the formation of brittle intermetallic compound at the matrix/ particle interface. However, Mg-Ti 7) and Mg-Ti6Al4V 8, 9) composites produced through powder metallurgical (PM) process did not show high elongation. The reason may be due to fine oxide particles dispersed in the magnesium matrix.
On the other hand, a mechanically milled Mg-5%Al-10%Ti composite in pure argon showed significantly high elongation of 40%. 10, 11) These reports predict the processing method is important to produce ductile Mg-Ti composite.
The purpose of this study is to produce titanium particles dispersed AZ91 magnesium alloy composite having improved ductility. Casting process may cause heterogeneous dispersion of titanium particles because of the difference in density between titanium of 4.5 Mg/m 3 and magnesium of 1.7 Mg/m 3 . In the present study, we propose an accumulative diffusion bonding, ADB, process for production of titanium particle dispersed magnesium alloy composite using neither magnesium melt nor powder. In the previous study, the authors had produced a porous magnesium alloy 12) through the ADB process. Titanium hydride particles, as a foaming agent, dispersed AZ91 magnesium alloy precursor was successfully produced through ADB process.
Another advantage of the ADB process except for mechanical properties is mass productivity. Productivity of previous ECAP or ECAE process is relatively low and the amount of materials produced is very limited. On the other hand, the ADB process is applicable on large-sized structural materials because of its simple hot pressing process. Therefore, the ADB processed AZ91 alloy composite plate has a potential to practical structural applications.
Experimental Procedure
Commercial cast AZ91 magnesium alloy ingot and pure titanium particles less than 45 mm in size were used as starting materials. Chemical compositions of these materials are shown in Table 1 . Schematic illustration of the ADB process is shown in Fig. 1 . Square plates with 2 mm thickness and 25 mm each side were machined from the ingot. Four plates were surface treated by a stainless steel wire brush and stacked with titanium particles. The stacked plates were uniaxially hot pressed to 2 mm height under constant load of 5 ton for 1 h. The furnace temperature was fixed at 723 K and the temperature of AZ91 alloy plates was maintained at about 673 K. It is noted that the diffusion bonding process was carried out in atmosphere. A diffusion bonded plate was cut to 4 square plates and hot pressed again after the same surface treatment. Titanium particles disperse in the magnesium matrix with increasing the ADB cycle.
In this study, four types of AZ91 alloy plates with 0, 2.0, 4.8 and 9.1 mass% Ti were prepared by the ADB process. For comparison, as-received AZ91 alloy plate was used for the following experiments. All specimens were solution treated at 688 K for 18 h in air followed by water quenching (T4 treatment). X-ray diffraction analysis and SEM (Scanning Electron Microscope) observation revealed that the solution treatment dissolved the -Mg 17 Al 12 phase in the supersaturated -Mg phase.
Mechanical properties of AZ91 alloy composite plate were evaluated by Vickers hardness measurement and tensile test. The hardness of the specimens was measured by a microVickers hardness testing machine with an applied load of 5 N. Tensile tests were carried out at room temperature with a constant test speed of 0.01 mm/s. The shape and dimensions of a tensile test specimen are given in Fig. 2 . The specimen, which is machined by an electric discharge machine, has a gauge of 9 mm length, 3 mm width and 2 mm thickness. In order to evaluate 0.2% proof stress, the microstrain of the specimen was measured by a strain gauge attached on the surface of the test specimen.
Results and Discussion
Optical micrographs of the diffusion bonded AZ91 alloy plate after one, two and three ADB cycles are shown in Fig. 3 . Longitudinal direction is parallel to the hot pressing direction. Neither large crack nor interface debonding was observed in the photomicrographs, therefore, the successful diffusion bonding of AZ91 alloy plates would be achieved in this study. Titanium particles after the ADB processing have the same shape and size as original ones. This is due to high strength and toughness of titanium compared to magnesium alloy. Microstructural observation revealed that the titanium particles dispersed AZ91 alloy composite plate was successfully produced after three ADB cycles.
Optical microstructure of AZ91 alloy composite with 0 mass% Ti particles is shown in Fig. 4 . Crystal grain size is about 10 mm and the shape is almost equiaxial. This result suggests a recrystallization during the T4 treatment. 3 Cross sections of the AZ91 alloy plates observed by an optical microscope after one, two and three ADB cycles. Titanium particles were uniformly dispersed in the AZ91 alloy matrix after three ADB cycles. Tensile stress-strain curve of ADB AZ91 alloy with 0 and 4.8 mass% Ti alloy is shown in Fig. 5 . For comparison, the curve of as-received cast AZ91 alloy is plotted on the figure. Mechanical properties of AZ91 alloys were significantly improved by the ADB processing. Increase of the tensile strength is due to the increase of the ductility. On the other hand, addition of titanium may not contribute to the improvement of the mechanical properties.
Vickers hardness, ultimate tensile strength, 0.2% proof stress and elongation to fracture were plotted as a function of amount of titanium in Fig. 6 . Solid symbols indicate asreceived cast AZ91 alloy. Vickers hardness, tensile strength and 0.2% proof stress increased with increasing the amount of titanium. Elongation of AZ91 alloy decreased with increasing the amount of titanium, however, the ductility is significantly higher than cast as-received AZ91 alloy. These results indicate that addition of titanium is effective to increase the hardness and the strength of AZ91 alloy. However, the amount of titanium gave a little effect on the ductility. Therefore, the large elongation in this study is due to the ADB processing which can induce large plastic deformation.
Since the compressive strain per cycle becomes Àð1 À 0:25Þ ¼ À75:0%, total compressive strain after n ADB cycles is calculated as
Therefore, after three ADB cycles, the total compressive strain achieves À98:4%, which is as large as that of SPD process. Therefore, random texture would be developed in AZ91 alloy composite after T4 treatment. In order to clarify the effect of texture, X-ray diffraction (XRD) or electron backscatter diffraction analysis is required in the future work. Tensile strength, 0.2% proof stress and elongation for present materials and AZ91 alloys produced by various processing routes are summarized in Fig. 7 . PM AZ91 alloys 13, 14) possesses highest tensile strength and 0.2% proof stress at the cost of ductility. Cast and extruded AZ91 alloys 15, 16) have high strength and low ductility. AZ91 alloys produced by ECAP 17) or ECAE 16, 18) shows relatively high elongation, which is due to grain refinement and texture development. Though Chuvil'deev et al. 17) reported that significantly high ductility of 30% in AZ91 alloy produced by ECAP process, the tensile strength of this alloy was low 20 µm (250 MPa). This may be due to superplastic deformation induced by grain boundary sliding. Tensile strength and 0.2% proof stress of the present ADB AZ91 alloys are the same order as previous extruded AZ91 alloys. However, the tensile elongation of the present AZ91 alloys composites is significantly improved over 30%.
Conclusions
Mechanical properties of AZ91 magnesium alloy were improved by the ADB processing and dispersion of titanium particles. Three cycles of the ADB process enabled to produce a AZ91 magnesium alloy composite with uniformly dispersed titanium particles. Tensile test at room temperature revealed that the tensile strength and 0.2% proof stress increased with increasing the amount of titanium particles. In addition, extraordinarily high elongation over 30% was achieved in AZ91 alloys with small amount of titanium particles. High ductility of the present AZ91 alloys would be due to random texture development by the ADB process and T4 heat treatment, though X-ray analysis needs to be done to confirm it.
The present processing technique does not use special expensive material and machine. Therefore, this process has a potential to improve the mechanical properties of all existing magnesium alloys. alloys plotted against elongation to fracture. Solid symbols show the properties of AZ91 alloys with 0-9.1% titanium particles produced by the ADB process. The figure includes previous data of AZ91 alloys produced by PM, 13, 14) Cast + Extrusion 15, 16) and ECAE or ECAP. [16] [17] [18] 
